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SUMMARY

1. We studied the effect of dark adaptation on the spatial organization of receptive
fields of single cells in the lateral geniculate nucleus l.g.n. of the cat.

2. Contrary to previous reports, we found that in many l.g.n. cells the ability of
the receptive field surround to suppress the response of the centre was diminished
following dark adaptation.

3. The degree of reduction of the surround antagonistic strength varied from cell
to cell, and was independent of the various classifications of visual neurones (X/Y,
ON/OFF, layer, A/layer, At and central/peripheral).

4. Most cells also showed an increase in the apparent size of the excitatory centre
upon dark adaptation. On the average, the width of the most effective bar stimulus
located at the centre of the receptive field increased more than twofold.

5. We also studied the effect of dark adaptation on the temporal properties of
l.g.n. receptive fields. In many cells dark adaptation changed the temporal modula-
tion transfer function: it flattened the amplitude function, and changed the phase
relationship between the centre response and the surround response.

6. Retinal ganglion cells showed qualitatively similar behaviour to that of l.g.n.
neurones.

7. Our data do not support the notion that retinal ganglion cell centres converge
on l.g.n. cells to form their surround mechanism.

INTRODUCTION

Dark adaptation has a powerful effect on the behaviour of visual neurones. Barlow,
Fitzhugh & Kuffler (1957) first reported that in the ganglion cells of the cat retina,
the response of the receptive field surround disappeared after dark adaptation. Their
results were subsequently qualified by Enroth-Cugell & Lennie (1975), who were
able to obtain surround suppression of responses from the receptive field centre
even after complete dark adaptation. Enroth-Cugell & Lennie also reported a sig-
nificant degree of diversity in the way dark adaptation affected the spatial properties
of ganglion cells (see also Barlow & Levick, 1976).
The receptive field properties of retinal ganglion cells are essentially preserved in

the lateral geniculate nucleus (l.g.n.) (Hubel & Wiesel, 1961; Cleland, Dubin &
Levick, 1971 a; Hoffmann, Stone & Sherman, 1972). Like retinal ganglion cells,
geniculate neurones can be classified as ON/OFF and X/Y, and have receptive fields
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with concentrically organized, mutually antagonistic, centre and surround regions.
The role of the l.g.n. in visual information processing is not well understood, although
many studies have reported intrageniculate inhibition (Hubel & Wiesel, 1961;
Singer & Creutzfeldt, 1970; Singer, Poppel & Creutzfeldt, 1972; Dubin & Cleland,
1977).

If one could demonstrate that the effects of dark adaptation on receptive field
properties in the l.g.n. were different from those found in the retina, one could shed
light on the functional organization of the l.g.n. Indeed, several previous studies
aimed at this very goal. Poggio, Baker, Lamarre & Sanseverino (1969) found that
dark adaptation reduced the strength of the antagonistic surround in l.g.n. receptive
fields, but Maffei & Fiorentini (1972) did not observe this effect. Virsu, Lee &
Creutzfeldt (1977) also reported only a minor effect of dark adaptation on the or-
ganization of l.g.n. receptive fields. These experiments were important attempts to
explain geniculate function. For example, after finding that l.g.n. receptive fields
maintained their antagonistic surrounds under dark adaptation, Maffei & Fiorentini
(1972) proposed that the centre mechanisms of several retinal ganglion cells converge
to form the surround mechanism of an l.g.n. cell, since both the centre in the retina
and the surround in the l.g.n. survived dark adaptation. They further suggested that
the l.g.n., rather than the retina, is responsible for the lateral inhibition which can
account for contrast enhancement (Ratliff, 1965).

In the study we report here we examined quantitatively the effects of dark adap-
tation upon the spatial and temporal characteristics of l.g.n. receptive fields. We
used sinusoidally modulated stimuli and Fourier analysed the averaged responses
of each cell. We recorded mainly from l.g.n. neurones, but identical experiments
were also performed on retinal ganglion cells for direct comparison.

METHODS

(a) Biological preparation. The surgical procedure was similar to that described by Hochstcin
& Shapley (1976a). Adult male cats (2-3.5 kg) were prepared for single unit recording by glueing
a small Lucite cap over the craniotomy (8 mm in diameter), centred at Horsley-Clark co-
ordinates A7*5, L8-5 for work on the lateral geniculate nucleus. The femoral veins were can-
nulated and a tracheal tube inserted after anaesthesia was induced by a low dose (30-50 mg) of
ketamine and continued during the surgery with sodium thiamylal (Surital), supplemented by
Xylocaine as a local anaesthetic. During the recording, the anaesthesia was maintained with
urethane (0-025 g/kg. hr, i.v., after a 0-2 g/kg, i.v. loading dose). In order to prevent eye move-
ments, the cat was paralysed with gallamine triethodide (1Omg/kg. hr, i.v.) and diallyl-bis-
nortoxiferine (0-25 mg/kg. hr, I.v.), and the cervical sympathetic trunks were severed bilaterally.
The infusion rate of the paralysing agents was increased if eye movements persisted. The cat was
artificially respired during the experiment, and the carbon dioxide level of the end-expiratory
gases was monitored with a Beckman gas analyser and maintained at 3-4 %. The mean arterial
blood pressure was monitored. and if it fell below 85 mmHg, the experiment was discontinued.
We also injected penicillin and dexamethasone to increase the longevity of the cat. The prepara-
tion often survived for 36 h in excellent condition.

During the experiment, the pupils were dilated with 1% atropine sulphate and the nictitating
membranes were retracted with 10% neosynephrine. Contact lenses (+ 2 D) with a 3 mm diam-
eter artificial pupil were placed on the eyes. After the cat was paralysed, the optic disks of both
eyes were mapped with an opthalmoscope on a tangent screen (Fernald & Chase, 1971). We then
refracted the eyes to make sure that they were accommodated for a target 57 cm away. Auxiliary
lenses were inserted whenever necessary. The eyes were frequently irrigated throughout the
course of the experiment. The quality of the optics was checked every 3-4 h, and if it deteriorated
the experiment was terminated.
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(b) Stimulation and recording. The visual stimuli were produced on the screen of a Hewlett-

Packard CRT display (P31 phosphor) located 57 cm away from the cat's eyes. The visual
patterns were generated by a stimulator described elsewhere (Shapley & Rossetto, 1976). The
stimulator produced a 20 x 20 cm raster on the CRT. The mean luminance was measured with a
Spectra brightness spot meter (Photo Research Corp.) at the beginning of each experiment. The
mean luminances used ranged from 10 to 20 cd/m2. Other stimulus parameters (bar size, bar
position, contrast and temporal frequency of modulation) were controlled by a PDP 11/45
computer.

Activity from single cells was recorded in the l.g.n. with tungsten-in-glass micro-electrodes
(Amassian, Macy, Waller, Leader & Swift, 1964) having a tip length of 4-10 jpm. Soma action
potentials were distinguished from fibre activity by the usual criteria (Bishop, Burke & Davis,
1962a). In some of the later experiments these were confirmed using electrical stimulation of
both the optic chiasm and the visual cortex. The electrical stimulation also helped to identify
neurones as relay cells.

Action potentials triggered a comparator that sent standard pulses to the computer. The
computer accumulated and displayed peristimutus-time histograms, usually with 30 bins, and
each run was typically 30 sec long. For instance, at a temporal frequency of 2 Hz, 60 repetitions
were averaged. At the end of each run the computer Fourier analysed the response, and typed
the amplitudes and phases of the first ten harmonics of the response. The amplitude and phase
of the response at the fundamental frequency (first harmonic) were displayed on-line on a
Tektronix 4013 terminal.

(c) Experimental procedure. Once a cell was isolated, its receptive field position was mapped
on a tangent screen. The receptive field was then centred on the CRT display with an adjustable
mirror. A cell was classified as X or Y using a modified form of the null test originally used by
Enroth-Cugell & Robson (1966). We used a stationary sinusoidal grating which had a spatial
frequency slightly below the highest spatial frequency that elicited a response from the cell.
A cell was classified as an X cell if its response to contrast reversal of such a grating was strongly
dependent on spatial phase and had a clear null position. A cell was classified as a Y cell if its
response to contrast reversal of such a grating was invariant with spatial phase and was at
twice the modulation frequency (Fhapley & Hochstein, 1975; Hochstein & Shapley, 1976a).

Line spread function. The response to a thin bar (b-y degree wide), sinusoidally modulated
around the mean background, was then measured. The plot of the amplitude and phase of the
first harmonic of the responses (fundamental response) as a function of the bar position is the
line spread function (sometimes referred to as the line weighting function) of the cell. We typi-
cally used two or three contrast levels (5-40%) to ensure that the responses were in the linear
range of the cell's intensity function.

Response-uwidth function. We then measured the response to bars of various widths. The bars
were modulated sinusoidally and located at the centre of the cell's receptive field. The order of
presentation of widths was randomized. We term the response of a cell as a function of bar
width the 'response-width function'.
When the measurements of the line spread function and the response-width function were

completed at a high luminance level (10-20 cd/M2), a 30 x 30 cm neutral density filter (4-2
log units) was placed in front of the CRT screen, and the measurements were repeated after
10-20 min were allowed for dark adaptation. In most cases we were able to repeat the measure-
ments after an additional hour of dark adaptation to assure ourselves that the adaptation had
stabilized. Moreover, when the recording was stable enough, we would repeat the whole procedure
by going back to the high luminance and then back to the low luminance a second time. We
recorded from each cell for 3-12 h.
Measurement of temporal characteristics. We also measured the temporal characteristics of the

receptive field. The receptive field centre was stimulated by a small square or a thin bar placed
in the middle of the receptive field, and the surround was stimulated by large flanking bars or
squares which spared the centre (for the stimulus configuration, see Shapley & Victor, 1978).
We measured the temporal transfer function of a cell using temporal modulations composed of
either a single sinusoid or a sum of eight sinuoids. When eight sinusoids were used simultaneously,
their frequencies were carefully chosen so that there was no overlap between the input frequen-
cies and possible distortion products up to the eighth order (Shapley & Victor, 1978; Victor &
Knight, 1979). The transfer function was obtained by Fourier analysis at each input frequency.
The use of a sum of eight sinuosids as our temporal stimulus allowed us to determine the response
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to eight frequencies simultaneously (Victor, Shapley & Knight, 1977), avoiding the variability
which might have occurred if the response to each individual frequency had been measured
separately.

RESULTS

A. The effect of dark adaptation on the spatial organization of
l.g.n. receptive fields

(1) Line spread functions
By measuring the response to a thin bar (X-2 degree wide), sinusoidally modulated

at various positions in the receptive field of a cell, one obtains the line spread function
(the one-dimensional spatial impulse response) of the cell. At low temporal frequen-
cies (say, below 4 Hz), the phase of the response clearly indicates whether the bar
is stimulating mainly the centre mechanism or mainly the surround mechanism,
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Fig. 1. Line spread functions at two luminance levels for a l.g.n. cell and a retinal
ganglion cell. The amplitude of the first harmonic response from Fourier analysis is
plotted as a function of the stimulus position. For both (A) and (B), the stimulus was
a I degree wide bar, modulated at 2 Hz. The plots have been normalized to the peak
response, obtained at the receptive field centre. The data represented by the open
circles were obtained at 20 cd/M2, and those represented by the filled circles were
obtained at 0'0012 cd/M2. The data in (A) were from an X-ON geniculate cell. Open
circles: the stimulus contrast was 5 / and the peak response was 11-6 impulse/sec. Filled
circles: the contrast was 80% and the peak response was 10-6 impulse/sec. The data in
(B) were from a Y-ON retinal ganglion cell. Open circles: the stimulus contrast was 8 %
and the peak response was 31 impulse/sec. Filled circles: the contrast was 32% and
the peak response was 25 impulse/sec.

since the responses at the centre and at the periphery are approximately 180 degrees
out of phase with each other at these frequencies. Changes in the spatial organization
of the cell's receptive field should be reflected in its line spread function.

Fig. 1 shows the line spread functions of an l.g.n. neurone and a retinal ganglion
cell measured at 2 Hz under two luminance levels: 20 cd/M2 (open circles), and
0-0012 cd/M2 (filled circles). The stimulus contrast used at 0-0012 cd/M2 was chosen
such that the peak centre response at this luminance level was approximately equal
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to that at the higher luminance level. All the plots were normalized to their peak
amplitudes. The positive data points in Fig. 1 represent responses that had the phase
of the centre, and the negative amplitudes represent responses that had the phase of
the surround. The phase difference between the centre response and the surround
response at this temporal frequency was approximately 170 degrees. The line spread
functions under the two luminance levels clearly show that in both the l.g.n. unit
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Fig. 2. First harmonic response as a function of stimulus width at two luminance
levels. The normalized responses are plotted against bar widths for (A) and X-OFF
cell, (B) and X-OFF cell and (C) and X-ON cell. For all the Figures, open circles represent
measurements at 20 cd/m2, while filled circles represent those at 0-0012 cd/M2. The
temporal modulation frequency used was 2 Hz. For each cell, the actual peak response
at 0 0012 cd/M2 was approximately equal to that at 20 cd/M2. This required a
stimulus contrast 4-8 times higher at the low luminance level than that at the high
luminance. The peak responses in impulse/sec for the two luminance levels (high and
low) were: (A) 9*1, 9-8; (B) 12, 13; (C) 15, 17-5.

and the retinal ganglion cell, dark adaptation had greatly reduced the relative
strength of the surround response. Rarely were we able to measure an appreciable
response from the surround with this method following dark adaptation.
Another effect of dark adaptation that can be seen in the line spread function was

an expansion of the apparent receptive field centre. We observed this expansion in
almost every cell we studied. The degree of this expansion was approximately the
same for cells in the l.g.n. and in the optic tract. We shall see further evidence for
this phenomenon in the following experiment.

(2) Responses to modulated bars as a function of bar width (response-width function)
In attempting to measure the line spread functions of l.g.n. cells at or below 0-0012

cd/M2 we were hampered by the greatly reduced contrast sensitivity that resulted
from the lowering of the mean luminance. The surround was particularly difficult to
stimulate in the dark-adapted state, since its sensitivity under all conditions of
adaptation was much lower than that of the centre (usually 4-10 times lower). To
increase the sensitivity of our measurement, we decided to measure the response of
the cells to bars of various widths and to use the reduction in effectiveness of diffuse
light stimulation (when compared to a bar of optimal width) as a measure of the
surround strength. This approach is similar to the one taken by others (Enroth-
Cugell & Lennie, 1975; Virsu et al. 1977).

Fig. 2 shows the response to modulated bars as a function of bar width (response-
width function) for three l.g.n. cells. Here we plotted the normalized amplitude of
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the fundamental response. The bars were carefully located at the middle of the recep-
tive field centre. Open circles represent data obtained at 20 cd/M2 and filled circles
represent those at 0-0012 cd/M2. As the bar width was increased, the response in-
creased up to a particular width ('optimal width'). Further expansion of the bar
beyond this width began to stimulate more of the antagonistic surround and the
response amplitude decreased. The reduction in the response to the largest size
stimulus (referred to as 'full-field stimulus' in the rest of this paper) as compared
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Fig. 3. Intensity-response functions at two stimulus widths and two luminance levels
for an X-ON geniculate cell. The first harmonic response measured at 2 Hz is plotted
as a function of the stimulus contrast. Open circles: 1 degree wide bar at 20 cd/M2.
Open triangles: 10 degree wide bar at 20 cd/M2. Filled circles: 1 degree wide bar at
0-0012 cd/M2. Filled triangles: 10 degree wide bar at 0-0012 cd/M2. Note that the
difference between the intensity-response function for the centre and for the centre
plus surround disappeared upon dark adaptation. The surround became ineffective in
suppressing the centre's response.

with the peak of the response-width function is the measure we chose for the antag-
onistic strength of the surround. This method is more sensitive than the line spread
measurement, since responses from larger areas of the surround are summed together.
Dark adaptation often reduces the antagonistic strength of the surround. Fig. 2A

is an example of the typical result we found, while Fig. 2B and C are two extreme
cases. For the cell in Fig. 2A, the spatial organization clearly changed upon dark
adaptation: the surround became less effective in reducing the centre response than
it was under high luminance. On the other hand, Fig. 2B is an example of a cell in
which dark adaptation had only a slight effect. An extreme case of the effect of dark
adaptation is shown in Fig. 2C. In this cell, dark adaptation had rendered the
surround mechanism totally ineffective in reducing the centre response. In all these
plots, the stimulus contrast was adjusted so that the peaks of the response-width
function had nearly equal amplitudes under the two luminance conditions. When the
eye was dark adapted, we often had to use contrasts that were four to eight times
higher than those used in the light-adapted condition for the responses to have similar
amplitudes. We regularly used at least two stimulus contrasts at each luminance
level. Therefore, our results cannot be attributed to a simple scaling down of the
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response during dark adaptation which would tend to bury the initially smaller
surround effect in the noise. Most of the cells that we studied in the l.g.n. with this
method showed a reduction in the antagonistic strength ofthe receptive field surround
following dark adaptation, but the extent of this reduction varied considerably from
cell to cell (see below).
A striking demonstration of the loss of effectiveness of the surround is given in

Fig. 3. Here we show the response amplitude as a function of contrast for a 1 degree
wide bar (circles) and a 10 degree wide bar (triangles) under light-adapted (20

A B

1_ 1,0C
0

40

0 0 I I I
0 14 0 14

Bar width (deg)

Fig. 4. The effect of stimulus contrast on the relative antagonistic strength of the
surround. Normalized responses obtained from the expanding bar experiment are
plotted for a Y-ON cell at a background luminance of 15 cd/M2 in (A) and 0 001 cd/M2
in (B). The stimulus contrasts used in (A) were 2-5% and 5% (triangles and circles,
respectively); those in (B) were 10% and 20% (also triangles and circles, respectively).
All measurements were made at a temporal frequency of 2 Hz. With increased contrast,
the surround strength increased more than that of the centre. The peak responses in
impulse/sec were: (A) 21 and (B) 13-9.

cd/M2, open symbols) and dark-adapted (0-0012 cd/M2, filled symbols) conditions.
The choice of the 1 degree bar width was based on the cell's line spread function so
as to maximally stimulate the receptive field centre while sparing the surround.
Under the high luminance, the cell was much more sensitive to stimulation of the
centre than to stimulation of both the centre and the surround (the intensity-
response function of the 1 degree bar was almost 3 times steeper than that for the
10 degree bar). For this cell the difference disappeared almost completely upon dark
adaptation, and the intensity-response function for the stimulation of the centre was
essentially identical to that of the centre plus surround. In other words, the surround
had lost its ability to influence the centre response.
We usually measured the responses to bars of various widths at more than one

contrast. A typical result is shown in Fig. 4 for a Y-oN cell in the l.g.n. Fig. 4A was
obtained at a background luminance of 15 cd/M2, with stimulus contrasts of 2-5
and 5 %; Fig. 4B was obtained at 0001 cd/M2 with contrasts of 10 and 20%.
Notice that, at both luminance levels, the suppressive strength of the surround
increased disproportionately with increasing contrast: doubling the contrast more
than doubled the surround's impact. It appears as if the surround mechanism either
has a threshold or a non-linear region in its intensity-response function. It is for this
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reason that we chose to compare response-width functions having about the same
response amplitudes (Fig. 2). If we had only compared curves obtained with the
same stimulus contrast, the surround antagonistic strength would have been under-
estimated at the low luminance level.
From the response-width function of every cell that yielded sufficient data, we

derived a quantity, R, which measures the extent to which the relative strength of
the surround mechanism was weakened by dark adaptation. R is defined as

R - -L)-( 1-D) D-L
1-L 1-L'

where L is the relative (normalized) response to full-field stimulus measured under
the high luminance level, and D is the corresponding number measured under the
low luminance level (see the inset of Fig. 5). (1 -L) is a measure of the surround effec-
tiveness under high luminances and (t-D) is the corresponding measure under low
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Fig. 5. The effect of dark adaptation on X and Y l.g.n. cells. The bottom histogram
represents X cells, and the top histogram represents Y cells. The inset illustrates the
parameters used to calculate R. R is defined as (D-L)/(1-L) and is a measure of the
relative loss of the antagonistic strength of the surround resulting from a 4-2 log unit
decrease in the background luminance (see text). The mean of each population is
indicated by an arrow. The mean was 0459 for fourteen Y cells and 0447 for twenty-
five X cells. Thus dark adaptation appears to affect X and Y cells to about the same
extent.
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luminances. Therefore, R is the fractional loss of surround effectiveness due to dark
adaptation.
There was a considerable range of dark adaptation effects, from no effect to an

almost complete disappearance of the surround antagonistic effect. The value of R
thus varied greatly from cell to cell, ranging from close to zero to almost unity.
However, we have not seen cells with R values less than zero, indicating that dark
adaptation never increased the strength of the surround.

1 0

0--- -- I-- -~~~~~~~~~~~~~~~~~~~~~~~~~~VXN C.. '.i N

- N

Fig. 6. Dark adaptation in various classes of l.g.n. cells. The population means of the
R values (see text) for each classification are shown. Left: classification according to
X/Y and ON/OFF. Middle: classification according to a cell's location in the l.g.n.
Right: classification according to the eccentricity of a cell's receptive field. The error
bars represent the standard deviations of the samples. The number in parenthesis
below each column represents the number of cells in each class. The effect of dark
adaptation appears independent of these common classification criteria. This conclusion
was supported by an analysis of variance (P < 0.05).

Since X and Y cells in the cat are known to differ in many respects (for a review,
see Levick, 1975), it was of particular interest to compare the surround strength in
the two cell types. We noted that under high luminance level X cells showed a weaker
response to large stimuli than Y cells. The full-field response was on the average 30%
(S.D. = 15%) of the peak response in X cells and 52% (S.D. = 12%) in Y cells.
The difference was statistically significant (P < 0-01). We think that this result
reflects a difference in the centre/surround balance between X and Y cells.

Despite the difference in centre/surround balance, dark adaptation affected both
cell types in a similar way. The distribution of the R values for both X and Y l.g.n.
cells is shown in Fig. 5. The lower histogram shows the distribution for X cells, and
the upper histogram shows the one for Y cells. The mean values for R are indicated
by the arrows: the mean was 0-459 for fourteen Y cells and 0-447 for twenty-five
X cells. Clearly, there was no significant difference between the two populations.
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We were also unable to correlate the value ofR with other known characterizations

of cells in the l.g.n. Fig. 6 shows that R did not depend on eccentricity, ON/OFF
classification, or the l.g.n. layer in which a cell was found. We should note, however,
that the surround of Y-OFF cells appears to have been less affected by dark adapta-
tion than that of other cell types. The mean R value for Y-OFF cells was 0-27, as
compared with R values of 0-51, 0 47 and 0-56 for the X-ON, X-OFF and Y-ON groups,
respectively. Nevertheless, this difference was not statistically significant, perhaps
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Fig. 7. Increase of apparent centre size with dark adaptation (DA). For each cell, the
optimal bar width in the dark-adapted state is plotted against the optimal bar width
in the light adapted (LA) state. X cells are represented by open circles and Y cells
by filled circles. The luminance level in the light-adapted state ranged from 10 to 20
cd/M2, while that in the dark-adapted state was always 4-2 log unit lower. The straight
line in the Figure has a slope of 1 and represents where the data points would have been
if there was no difference in the optimal bar width between the two luminance levels.
Clearly, dark adaptation increased the apparent centre size for most cells.

because our sample was small and the variability large. The large error bars in Fig.
6 again exemplify the great variability and diversity that we found in the l.g.n. cell
population. In addition, the value of R did not depend strongly on the size of the
receptive field centre. When we took the bar width at the peak of the response-
width function as a measure of the centre size, the correlation coefficient between R
and centre size was found to be only 0-21 for forty-seven l.g.n. cells.

Others have also reported that in retinal ganglion cells the reduction in the relative
contrast sensitivity of the surround varied considerably from cell to cell (Enroth-
Cugell & Lennie, 1975; Barlow & Levick, 1976). Therefore, it is important to use our
methods on retinal ganglion cells. We have complete data from fourteen retinal
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ganglion cells. We found that they behaved in the same way, at least qualitatively,
as the cells in the l.g.n. Most retinal ganglion cells lost the antagonistic strength of
their surround to varying degrees. The mean R value for the ganglion cell sample
was 0*49 (S.D. = 0'26). The corresponding value for the l.g.n. sample was 0 45
(s.D. = 0.28). Although the ganglion cells appeared to have lost more of their
surround, the difference was not statistically significant (P > .05).

(3) Expan8ion of the centre region
A consistent effect of dark adaptation shown in both the line spread function and

the response-width function was an apparent expansion of the excitatory centre.
In the response-width function, the peak of the curve shifted to a larger bar width
under the low background luminance. For twenty-nine X cells and fourteen Y cells,
the peak shifted on the average by a factor of 2*2. This can be seen in Fig. 7, where
the width of the optimal bar in the dark-adapted state is plotted against that in the
light-adapted state. X cells are represented by open circles and Y cells by filled
circles. Practically all the cells lie above the line with a slope of one, indicating that
in almost all of them the apparent size of the excitatory centre had increased. Even
in those cells in which the effectiveness of the surround was hardly diminished by
dark adaptation (with an R value close to zero), we still observed this apparent
expansion of the receptive field centre.

B. The effect of dark adaptation on the temporal properties of l.g.n. cell

(1) Amplitude
In some cells, we also measured the temporal transfer functions of the centre and

the surround mechanisms separately (see Methods). We wanted to find out how the
transfer function is affected by dark adaptation. We used our method on five l.g.n.
cells and nine retinal ganglion cells. After dark adaptation, only three l.g.n. cells
and eight ganglion cells gave surround responses that were large enough for subse-
quent analysis.
The temporal transfer function of an l.g.n. cell is illustrated in Fig. 8. Fig. 8A

shows the amplitude of the fundamental component of the response as a function of
temporal frequency for stimuli in the receptive field centre (circles) and the receptive
field surround (squares). Data obtained at a luminance level of 16 cd/M2 are rep-
resented by open symbols and those obtained at 0-001 cd/M2 are represented by
filled symbols. Two effects of dark adaptation are evident. The peaks of the temporal
transfer functions for both the centre and the surround shifted toward lower frequen-
cies. The curves flattened and their peaks became less prominent: the modulation
transfer function changed from that of a band-pass filter to that of a low-pass filter.
We used the same method to study several retinal ganglion cells, and obtained

results similar to those found in l.g.n. neurones. Our results are also in general
agreement with those reported for centre responses of retinal ganglion cells by
Enroth-Cugell & Shapley (1973a).
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(2) Phase
One advantage of using Fourier analysis is that it provides information about the

phase of the response. The phase is important in explaining centre and surround
interaction (see, for example, Ratliff, Knight & Milkman, 1970). In the following
discussion, we consider 'phase lag' as the phase difference between two response
vectors measured in the counter-clockwise direction from the reference vector to
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Fig. 8. Temporal transfer function for an X-ON l.g.n. cell under light and dark adapta-
tion. Filled symbols: data from the dark-adapted state (0-001 cd/M2). Open symbols:
data from the light-adapted state (16 cd/M2). The receptive field centre and surround
were stimulated separately. The stimulus for the centre was a small (0-75 x 0-75 degrees)
square; the stimulus for the surround was four 8 x 8 cm flanking squares, positioned
so as to spare the centre region. Both stimuli were modulated by the sum of eight
sinusoids (5% peak contrast). A, amplitude plots of responses to visual stimulation
of the receptive field centre (circles) and surround (squares) at the two adaptation
levels. Note that at the low background (filled symbols) the curves flatten and the
corner frequency (where the responses begin to decrease) shifts towards lower fre-
quencies. B, phase plots at the two adaptation levels. Curve A, the difference between
the phase of the centre response in the light-adapted state and the phase of the response
in the dark-adapted state. The difference increased with temporal frequency. Curve B,
difference between the phases of the responses of the centre and surround under dark
adaptation. Curve C, the same as curve B, but under light-adapted conditions. Note
that for both adaptation states the phase difference increased with temporal frequency,
but the increase was larger under dark adaptation.
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the vector under consideration. The term 'phase difference' is used without regard
to the direction of angle measurement. For example, a phase difference of 170
degrees would be equivalent to a phase difference of 190 degrees.
The effect of dark adaptation on the phase of the fundamental response is illus-

trated in Fig. 8B. The data were derived from the same peristimulus-time histo-
grams from which the amplitudes in Fig. 8A were calculated. In curve A we plotted
the increase in phase lag produced by dark adaptation in the centre response. One
can see that below 1 Hz dark adaptation had only a slight effect on the phase. How-
ever, as the frequency was increased, the phase lag increased steadily to about 270
degrees at about 20 Hz. This increase in phase lag was even greater for the surround
response so that, in effect, the surround lagged more and more behind the centre after
dark adaptation. In curves B and C we plotted the phase lag of the surround res-
ponse measured with respect to the centre response. Curve C represents data obtained
at 20 cd/M2. At this luminance level, the surround response lagged behind the centre
response by approximately 180 degrees up to 8 Hz although the lag did increase to
around 270 degrees above 16 Hz. The increase in phase lag at the high frequencies
was more prominent at the low luminance level (0.0012 cd/M2). This is shown by
curve B. Here the phase lag increased rapidly above 4 Hz and reached 360 degrees
at around 16 Hz. In other words, at 16 Hz the surround response actually had the
same phase as the centre response, and the surround reinforced rather than an-
tagonized the centre. The temporal frequency of the stimulus is, therefore, an
important variable in the consideration of the effect of dark adaptation.

C. Other effects of dark adaptation
Maintained discharge
The l.g.n. cells in our sample varied greatly in the way their maintained discharge

was affected by dark adaptation. Many of them showed only a short-term change
which later disappeared; others showed long-term changes in their maintained dis-
charge following dark adaptation. In many cases the mean rate increased, and in
most cells the variability of the spontaneous discharge decreased. Fig. 9 illustrates
these changes. Interspike interval histograms of three l.g.n. cells are shown. These
cells are typical of our sample. In A and B, dark adaptation reduced the variability
of the maintained discharge, and increased the mean rate. In C, dark adaptation
had practically no effect. It seems that the maintained discharge of l.g.n. cells
exhibits a wide range of reaction to dark adaptation, and there was no consistent
pattern for the whole population. Once again, the effects of dark adaptation appeared
unrelated to the usual classifications of cells (ON/OFF, X/Y etc). Conceivably, larger
effects on the maintained discharge could have been obtained if we had used lower
background luminance (for data on ganglion cells, see Barlow & Levick, 1969).

Time-domain non-linearities
We regularly analysed the responses (Fourier method) and looked at higher

harmonics. We were curious to find out whether dark adaptation will affect the
linearity of the response. We found that the higher harmonics of the response were
usually changed by a factor similar to that affecting the fundamental response.
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Whenever a linearization was observed, it was only the trivial one resulting from
reduced response amplitude and thus fewer truncations or saturations. Thus it
seems that the temporal non-linearities in the retina and the l.g.n. are not drastically
changed by dark adaptation.

IL20 cd 12 cd/M2 12 cd/M2

00012 cd/M2 c0-008 cd/r2

400 msec 600 msec 400 msec
A B C

Fig. 9. Interspike interval histograms of the maintained discharge of three l.g.n.
neurones at two adaptation levels. The mean luminance for the dark-adapted state
was 4-2 log units below that of the light-adapted state. The histograms were nor-
malized to the highest bin. A, X-ON cell, 4000 spikes accumulated. Bin width = 2 msec
(200 bins). B, Y-ON cell, 2000 spikes; 2 msec/bin (300 bins). C, Y-ON cell, 2000 spikes;
2 msec/bin (200 bins). Dark adaptation had different effects on A and B, and had
practically no influence on the maintained discharge of C. In both A and B dark
adaptation reduced the discharge variability and the average interspike interval, but
the effect on A was much more dramatic. The large peak in B at 600 msec (last bin,
12 cd/M2) represents intervals that were longer than 600 msec.

DISCUSSION

We have shown that dark adaptation greatly altered the receptive field properties
of both l.g.n. and optic tract neurones. In the following discussion, we shall analyse
the retinal reorganizations that might account for our results. In addition, we shall
compare our l.g.n. results with other studies, and consider the question ofintragenicu-
late processing.

Comparison between the line spread function and the response-width function
Under our dark-adaptation conditions, the line spread function differed from the

response-width function in one respect. In the line spread function, we rarely were
able to measure an appreciable surround response at or below 0-0012 cd/M2. On
the other hand, in the same cell, we often could observe the antagonistic effect of
the surround in the response-width function. This difference can be explained by
the fact that the receptive field surround was typically less sensitive and spatially
broader than the centre. Therefore, the thin bar (i degree wide or less) used in measur-
ing the line spread function was not as effective as the wider bars used in measuring
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the response-width function. The surround response in the dark-adapted line spread
function, if present at all, was often buried in the intrinsic noise of the cell's response.
In addition, the surround might have a threshold, as was suggested by our Fig. 4
and by Enroth-Cugell & Lennie (1975) for retinal ganglion cells.
We should emphasize that the line spread function and the response-width function

measure different phenomena. The line spread function measures the centre and
surround responses directly, while the response-width function measures the ability
of the surround to suppress the response of the centre. The two are not necessarily
equivalent.

Interpretation of the response-width function
There were two major changes in the response-width function following dark

adaptation. First, the relative response to full-field visual stimulation increased
(i.e. a surround loss index R > 0). Secondly, the bar width at the peak of the
response-width function increased (Fig. 7). These two effects appear to be indepen-
dent of each other: sometimes there was only a shift in the peak of the response-
width function, without a change in the surround's ability to suppress the centre
response.

There are at least three processes that could account for these changes: (1) a
change in the centre/surround balance, (2) a change in the phase relationship be-
tween the centre and the surround response, and (3) an expansion of the centre
mechanism. All three processes seem to occur, and all seem to be due to changes in
the retina contingent upon the- adaptation level. We will now consider the relative
importance of these three processes.

(1) Changes in the centre/surround balance
Our line spread function measurement has shown that dark adaptation decreased

the response of the surround more than that of the centre. Such a decrease can explain
the relative increase of the full-field response (.-R > 0), but probably not the increase
in the bar width at the peak of the response-width function.
To illustrate this, we made calculations based on a receptive field model con-

sisting of two Gaussian spatial profiles, one for the centre mechanism and one for
the surround mechanism (Rodieck, 1965; Enroth-Cugell & Robson, 1966). The
response r (t) from a cell can be expressed as a function of the bar width W, temporal
frequency f, and phase lag 0 of the surround response with respect to the centre
response:

r(t) = J dx Kc. exp [(-/Xc)2]. cos 27nft

+AJ dx Ks. exp [(-x/Xs)2]. cos (2i7ft + 0),

where Kc and Ks are the peak responses of the centre and the surround, respectively,
and Xc and Xs are the corresponding widths of the Gaussian profiles.
Our calculations show that the magnitude of the change of centre/surround ratio

(Kc/Ks) reasonable for explaining our response-width functions would be too small
to produce an appreciable shift in the peak of the response-width function. Fig.
10A illustrates this point. Here we plotted the response amplitudes as a function of
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bar width, in the same way as they were presented in Fig. 2. The centre/surround
ratio was changed from 10:2 in the lower curve to 10:1 in the upper curve. The
relative response to full-field stimuli increased as expected, but the peak of the upper
curve was shifted only slightly to the right.

(2) Phase difference between the centre and the surround
The expression for r(t) indicates that the total response of a cell can be predicted

by the vector sum of the individual response vectors of the centre and surround
mechanisms. Therefore, the ability of the surround mechanism to suppress the

A B

1-0 A\ ¢ 1900 1.0 A kc :ks=5: 1

00 10C1
2000

Cr ~~~~~~~10:2 1900

0 10 0 10
Bar width

Fig. 10. The effect of sensitivity ratio and phase difference of the centre and surround
responses on the response-width function: a computer simulation assuming Gaussian
functions for both centre and surround (inset), with linear spatial summation of their
responses. The abscissa for both A and B is the width of the stimulating bar, and the
ordinate is the amplitude of the fundamental response. The curves are normalized
to their peak amplitude. A, the phase difference between the centre and surround re-
sponses was fixed at 190 degrees, but the sensitivity ratio was changed from 10: 2 in
the lower curve to 10: 1 in the upper curve. B, the centre/surround sensitivity was
fixed at a ratio of 5: 1. The phase difference between the centre and surround responses
was varied from 190 to 210 degrees. Note that both phase change and a change in the
sensitivity ratio increase the relative effectiveness of full-field stimuli (R > 0). Neither
can cause a substantial shift in the peak of the response-width function.

centre response would depend on the phase relationship between the two responses.
We have shown that dark adaptation increased the phase lag ofthe surround response
with respect to the centre response (Fig. 8B). In measuring the surround response,
we carefully chose stimuli that spared the centre region. However, due to the change
in the centre/surround balance induced by dark adaptation, the centre can become
more sensitive to light scattered from the surround stimuli. The possibility of this
contamination makes it difficult to assess the magnitude of the actual increase in
phase lag. Note that Enroth-Cugell & Lennie (1975) reported an increase in the
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latency of the surround responses following dark adaptation in retinal ganglion
cells. This latency increase is analogous to the increase in phase lag that we observed.

Fig. lOB presents a computer simulation of the effect of phase changes using the
model of two Gaussian spatial profiles. Here we kept the centre/surround ratio
constant at 10:2 and changed the phase difference between them from 190 to 200
and 210 degrees. It is obvious that a mere 10 degrees change in the phase difference
produces a considerable decrease in the ability of the surround to antagonize the
centre. For the cell illustrated in Fig. 8, the phase lag at 2 Hz increased from 176 to
210 degrees over the 4*2 log units reduction in background luminance. This amount
is enough to account for a substantial reduction in the ability of the surround to
to antagonize the centre response.
We should emphasize that our calculations assume a linear summation between

centre and surround responses. This probably is a good approximation for most X
cells (Rodieck, 1965; Enroth-Cugell & Pinto, 1972b). However, for cells that violate
the assumptions of the linear model, non-linearities can account for more of our
experimental data than our calculations indicate.

(3) Expansion of the centre region
Consistent with our own findings, expansion of the apparent receptive field centre

following dark adaptation has been reported in both the optic tract and the l.g.n.
of the cat (Enroth-Cugell & Robson, 1966; Virsu et at. 1977). Neither a change in the
centre/surround balance nor an increase in phase lag can satisfactorily account for
such an expansion (Fig. IOA, B). Note that the centre expansion we observed in the
line spread function could be partially due to light scattered into the centre from
bars in the periphery. However, scattered light can not explain the shift in the peak
of the response-width function. Therefore, we are led to speculate that the excitatory
mechanism that provides input to the receptive field centre undergoes an expansion
at low luminance levels. Such an expansion would also produce the change in the
centre/surround balance that we observed (Fig. 2). Kolb & Famiglietti (1974) have
shown that in the cat retina signals from cones and from rods have separate bipolar-
amacrine pathways to the ganglion cells. This could, conceivably, provide the
anatomical basis for the expansion of the centre mechanism that we have seen.

Comparison with other studies
In our experiments, both the surround response and the surround's ability to

suppress a cell's response were not as immune to dark adaptation as has been pre-
viously reported. Both Maffei & Fiorentini (1972) and Virsu et al. (1977) reported
that the surround of l.g.n. neurones remained effective at low luminance levels. The
discrepancies can be partially explained by differences in experimental procedure.
The difference between our results and those of Maffei & Fiorentini (1972) might be

attributed to the higher background luminance and the larger artificial pupil that
they used (0-1 cd/M2 and 6 mm in diameter; Fig. 4 of Maffei & Fiorentini, 1972).
Moreover, their stimuli were spots (1-2 degrees diameter) with a mean luminance
of 2 log units above the background. Therefore, it is probable that the adaptation
level ill their experiments was higher than in ours. Indeed, we ran our experiments
on several l.g.n. and retinal ganglion cells at a background luminance of 0-02 cd/M2
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(3 mm pupil), about a log unit higher than what we normally used, and found that
the antagonistic strength of the surround was not very much reduced.

It is more difficult to compare our results with those reported by Virsu et al.
(1977), since they used a different method to quantify the neural responses. They
used square-wave modulated stimuli with a modulation depth as high as 2 log units
above the background. It is conceivable that the large excursion of their stimuli
might have transiently light-adapted the receptive field to some degree. For example,
Enroth-Cugell & Lennie (1975) were able to measure the effect of the surround in
retinal ganglion cells using high contrast modulation even under complete dark
adaptation. We should emphasize that the relatively low contrast of our stimuli
essentially measured the incremental contrast sensitivity at a fixed luminance level.
It is possible that the strong stimuli used by Virsu et al. were capable of exciting
some receptive field mechanism which was not revealed by our technique. This
possibility seems to be consistent with our observation that the antagonistic surround
became relatively stronger at higher contrasts (Fig. 4).

There is also the possibility that different anaesthetics may produce different
results. Virsu et al. (1977) used Nembutal in their experiments. Therefore, we per-
formed several experiments with Nembutal but the results obtained from these
animals were identical to those obtained from urethane anaesthetized cats.

Convergence of retinal inputs
If the receptive field surround of l.g.n. neurones were due mainly to intrageniculate

wiring, one might expect it to be resistant to dark adaptation. If, on the other hand,
it were due to inputs from the surround of retinal ganglion cells, one might expect
it to be as susceptible to dark adaptation as the surround of retinal ganglion cells.
Our data show that many l.g.n. cells lose much of their surround after dark adapta-
tion. This implies that the main source of the l.g.n. surround is the retinal surround.
Support for this view comes from the small sample of retinal ganglion cells we studied
in the same way. These cells showed about as much loss of surround response and
effectiveness as the l.g.n. cell population.

Occasionally, we were able to record simultaneously from a l.g.n. cell and its
S-potential. Since S-potentials are probably extracellularly recorded excitatory
synaptic potentials elicited by optic tract afferents (Bishop, Burke & Davis, 1962b;
Cleland, Dubin & Levick, 1971 b), they represent the afferent input to the geniculate
neuron. Data from such experiments showed that, in some cells, the l.g.n. surround
was as labile under dark adaptation as the surround of the S-potential, while in
others, the l.g.n. cell did show a stronger surround, both before and after dark
adaptation.

Diversity of cell behaviour
The effects of dark adaptation as measured by our methods varied a great deal

from cell to cell. Some variability can also be seen in previously published data from
l.g.n. cells (Virsu et al. 1977) and optic tract neurons (Enroth-Cugell & Lennie, 1975;
Barlow & Levick, 1976). Part of this variability in l.g.n. recordings might be due to
different degrees of intrageniculate processing, as suggested by the S-potential
experiments. Some may also be due to our pooling of data from many cats. We
could hardly avoid such pooling because the lengthy recording from each cell
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allowed us to study only a few cells per cat. It is important to note that both we and
others observed variability in data from the optic tract fibres. Therefore, at least
some of the diversity seen in the l.g.n. originated in the retina.

Note that the five Y-OFF cells in our sample seem to have been less affected by dark
adaptation than were other cell types. Interestingly, their receptive field sizes were
considerably larger than those of other groups (3-4 degrees), a characteristic that
might explain why they were more resistant to dark adaptation (Enroth-Cugell &
Shapley, 1973a). Also, Barlow & Levick (1976) noted that OFF units were less
affected by dark adaptation. C. Enroth-Cugell & R. M. Shapley (personal communi-
cation also found that Y-OFF units required lower background luminance to be fully
dark-adapted. However, our sample size was so small, and the variability so large,
that statistics ruled this difference insignificant.

Conclusions
We have shown that dark adaptation causes a significant reorganization of

receptive fields of single cells in the l.g.n. of the cat. It reduces the strength of the
antagonistic surround, and expands the size of the excitatory centre. This behaviour
is similar to what we observed in retinal ganglion cells. Therefore, it is unlikely
that the receptive field surround of l.g.n. cells receives substantial inputs from the
receptive field centres of ganglion cells.
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